Spider silk is a material well known for its outstanding mechanical properties, combining elasticity and tensile strength. The molecular mobility within the silk's polymer structure on the nanometre length scale importantly contributes to these macroscopic properties. We have therefore investigated the ensemble-averaged single-particle self-dynamics of the prevailing hydrogen atoms in humid spider dragline silk fibres on picosecond time scales in situ as a function of an externally applied tensile strain. We find that the molecular diffusion in the amorphous fraction of the oriented fibres can be described by a generalized fractional diffusion coefficient K a that is independent of the observation length scale in the probed range from approximately 0.3-3.5 nm. K a increases towards a diffusion coefficient of the classical Fickian type with increasing tensile strain consistent with an increasing loss of memory or entropy in the polymer matrix.
Introduction
Silk belongs to a large class of polymer nanocomposite materials currently of great fundamental and technological interest [1] [2] [3] . In particular, spider silk constitutes a remarkable elastomeric protein polymer fibre [4, 5] . An important fundamental question concerns the link between the mechanical properties of silk fibres and their origin on the level of molecular structure and dynamics [6] [7] [8] , which has also been addressed by multiscale theory approaches [9, 10] . The molecular and mesoscopic structure of spider silk fibres has been explored rather comprehensively in the past (e.g. [11] [12] [13] [14] [15] [16] and references therein) and been found to be consistent with a hierarchical structure of nanocrystallites interconnected within so-called nanofibrils by polymer regions with smectic order and being embedded in a disordered polymer matrix. The latter non-crystalline disordered polymer matrix is commonly denoted amorphous matrix [6] .
The molecular dynamics aspects of the properties of silk associated with this hierarchical structure are subject to more recent attention. While the nanocrystalline fraction of the fibres exclusively undergoes vibrational motions on the picosecond time scales relevant for molecular mobility [7] , diffusive relaxation mechanisms on the molecular level can be associated with the amorphous fraction of the silk [14, 17, 18] . Importantly, water molecules may be inserted as tracer particles that selectively only access these amorphous regions [7, 14] . This technique allows detailed studies of the diffusive mobility of the hydrogen atoms of adsorbed water and the polymers themselves within the amorphous regions of silkworm silk fibres both as a function of humidity as well as a function of an externally applied tensile stress [7, 17, 18] . It emerged that, in the complete absence of water, no diffusive but only vibrational mobility can be detected on picosecond time scales and nanometre length scales, and that includes the amorphous regions [7] . When water is adsorbed by the amorphous regions, both this water and the water-containing polymer matrix are subject to picosecond diffusive relaxations [17] . These diffusive relaxations can be interpreted in a 'classical' picture of a superposition of diffusive dynamics in a geometrical confinement on molecular length scales [7] . When the silk fibres are exposed to a tensile strain, the geometry of this molecular confinement changes, which is reflected in the change of the associated diffusive molecular mobility [17] . However, the geometrical picture of a molecular confinement is limited by the highly heterogeneous disordered structure of the water-containing amorphous polymers.
Therefore, a more general model has been employed that quantitatively characterizes the observed dynamics while drastically reducing the number of free parameters. In this way, the molecular diffusive relaxation mechanisms in humid silkworm silk fibres have been found to be consistent with a picture of fractional Brownian dynamics [18] . In this picture, a generalized fractional diffusion coefficient, is the operator defining the generalized fractional derivative of the function F ¼ F(t). Therein, F 0 denotes the first-order integer derivative of F and G(x) is the gamma function. The model of fractional diffusion is based on the assumption of a 'waiting time' probability distribution with very long tails of particles undergoing 'random walks' [19] . This picture describes the strongly confined diffusive atomic motions in polymeric materials. It is formulated by the generalized diffusion equation (1.2), which is solved by a generalized exponential function known as the Mittag-Leffler function. Moreover, it has been found that the same fractional calculus that provides the basis for the fractional molecular diffusion also describes the macroscopic mechanical properties of silkworm silk fibres [18] , thus providing a link between molecular dynamical properties and the macroscopic mechanical behaviour inspired by fractal concepts [20] . However, a comprehensive study of the function K a ¼ K a (s) relating the generalized fractional molecular diffusion coefficient to the applied strain s on the fibres is still missing.
Spider silk fibres, although morphologically very similar to silkworm silk fibres [21] , display a significantly higher amorphous fraction compared with the latter family of fibres. Humid spider dragline silk fibres also differ distinctly from humid silkworm silk fibres by showing supercontraction which is not shown by silkworm silk [22] . Supercontraction is induced when spider dragline silk is exposed to sufficiently high amounts of water for instance through high levels of ambient humidity above approximately 70% [23, 24] and is associated with a drastic change of the morphological and mechanical properties. These morphological and mechanical differences as well as the overall superior mechanical properties underline the value of a detailed systematic investigation of the molecular diffusive dynamics in humid spider dragline silk fibres as a function of the tensile deformation of the fibres. Moreover, the supercontraction phenomenon may be understood in terms of a hydrophobic collapse of unfolded proteins [25, 26] related to similar observations made for elastin fibres [27] .
Here, we report the experimentally observed ensembleaveraged single-particle self-dynamics of the hydrogen atoms in humid spider dragline silk fibres on picosecond time scales and nanometre length scales as a function of an in situ applied tensile strain. We experimentally access the molecular selfdynamics unambiguously via the van Hove function W(r, t) using incoherent neutron scattering and we interpret and discuss the experimental results in terms of the established model of fractional Brownian diffusion, equation (1.2) . We associate the strain-dependent change in the observed molecular diffusion with the strain-dependent morphological changes in the fibres. It is worth noting that the required size of the spider dragline silk sample for a neutron spectroscopy experiment on the order of 100 mg constitutes an experimental challenge in itself. In passing, we also report the experimentally observed low-energy vibrational excitations of the prevailing hydrogen protons in our sample, which are obtained free from any selection rules using incoherent neutron scattering.
This article is organized as follows: in the subsequent sections, we present the neutron scattering experiment and data analysis procedures, followed by sections presenting the in situ recorded stress-strain curve of the humid spider silk sample as well as the equally in situ recorded neutron diffraction patterns and generalized frequency distributions obtained from the low-energy inelastic scattering. These sections serve to prepare the ground and establish the consistency of the essential results presented and discussed in the section on the quasi-elastic neutron scattering (QENS), immediately followed by our conclusions.
Experiment
We have used incoherent cold neutron spectroscopy to access the scattering function S(Q,v) depending on the scattering vector Q, i.e. the reciprocal observation length, and the energy transfer v. The neutron scattering experiment has been carried out on the time-of-flight spectrometer IN6 at the Institut Max von Laue-Paul Langevin (ILL), Grenoble, France, using the incident wavelength l ¼ 5.1 Å . In this configuration, the weakly Q-dependent width of the energy resolution function R(Q, v) amounted to approximately 90 meV FWHM. The spider dragline silk sample (figure 1a) was obtained from Nephila edulis spiders using a forced silking technique [28] and had a total mass of m ¼ 104 mg at ambient humidity. The continuous fibre was wound around a pair of steel hooks and mounted inside the humidity chamber of the tensile machine described in detail in reference [17] . The silk sample was oriented such that the axis of the fibres illuminated by the neutron beam was perpendicular to the scattering plane defined by the equatorially mounted detectors. The initial distance between the inner edges of the steal hooks prior to the strain-induced fibre extension amounted to 30 mm commensurate with the incident neutron beam height. The humidity chamber holding the sample was placed inside the evacuated sample bay of IN6 and kept at the ambient temperature T ¼ 25 + 0.5K, which was monitored by two Pt100 temperature sensors. The saturated humid (H 2 O) atmosphere inside the chamber was created by small open troughs filled with ultrapure water placed at the bottom of the chamber. The ambient humidity was monitored using two humidity sensors and was always saturated within errors during the acquisitions on the humid silk sample. In addition, data on the empty humid chamber, on the sample dried by a vacuum pump, on the empty dry chamber and on Vanadium metal foil placed in a similar geometry as the fibres were recorded for calibration and background treatment purposes. The spectrum from the dry unstretched spider silk was recorded first during approximately 6 h. Subsequent to the start of the humidification, spectra were recorded with a time resolution of 10 min to observe and ascertain that a full humidification was obtained, as reflected in the absence of visible changes in the spectra with time and corroborated by the saturated humidity detected by the humidity sensors. When the full humidification was reached, the total recording time per spectrum at each given stress ( positions marked by letters in figure 1b explained further below) amounted to approximately 6 h. The experiment data are permanently curated by the ILL and accessible by the experiment no. 8-04-635.
The data were reduced by applying standard procedures for neutron time-of-flight data using the lamp software provided by the ILL and subsequently analysed using phython, as described in reference [18] . As part of the standard reduction procedures, (i) all intensities were normalized by the incident neutron beam intensity, (ii) the above-mentioned separately recorded scattering signal from the empty humid sample chamber was subtracted from the sample scattering signal, and (iii) the quasi-elastic scattering signal was corrected for the so-called overlap background created by neutrons exceeding their initial time frame. The obtained scattering functions S(Q, v) were divided by the self-contained static structure factor, and the thus normalized functions
with Dv % 90 meV were used for the analysis of the quasielastic scattering. The restricted energy range for the integration in this case also to a good approximation eliminates the effect of the thermal Debye-Waller factor. In contrast, for the diffraction patterns shown in figure 2 , the full energy range was taken, corresponding to a diffraction pattern recorded on a diffractometer without energy discrimination. For a comparison of the absolute scattering, the and t can be interpreted as the fractional relaxation time. Notably, the fit algorithm is implemented such that a does not depend in Q, i.e. the entire experimentally accessed Q-range is fitted at once by a global fit of the model.
In situ stress -strain curve
The stress-strain curve recorded in situ during the neutron scattering experiment on the humid spider silk fibres at 100% relative ambient humidity from H 2 O is depicted in figure 1b . The calibration of the stress s was based on the assumption of a constant average fibre diameter of 12.5 mm obtained from microscope measurements and a fibre mass density of 1.38 g cm 23 [29] . It is noted that the fibre diameter depends on the humidity and strain on the fibre. This effect has been neglected for the calculation of the stress s, because it was impossible to model. For this reason, we discuss the neutron scattering results in terms of the model-free relative strain e. The lines in figure 1b are linear fits to determine the module G g ¼ G þ G e of the sample in terms of the threeparameter Maxwell model [8] , with G e being the elastic and G the relaxation modulus. The values found here are significantly higher than the corresponding values found for silkworm silk in an earlier experiment by our group [17] which is consistent with the expectation that spider silk is the stronger material.
The capital letters A-G in figure 1b mark the positions where the neutron data were recorded. Importantly, owing to the long acquisition time of the neutron spectra on the order of a few hours, our neutron scattering experiment observes the long-time asymptotic behaviour of the viscoelastic relaxation of the initial stress [8] . This asymptotic relaxation becomes apparent by the dips in the otherwise continuous stress-strain curve (figure 1b).
The observed stress-strain curve has to be discussed in the context of the role of water and the stress-dependent capacity of water uptake by the fibre. To this effect, we note a few observations reported in the literature: when silk filaments are mechanically restrained while being exposed to a high humidity, a tensile force builds up. This force reaches its maximum value within a few minutes after an exposure to 100% humidity [23, 30] . It appears that some of the adsorbed water is permanently bound [23] . The diameter of major ampullate dragline silk rises from a typical value [31] of (2.8 + 0.5) mm in the dry state to (20.4 + 6.4) mm in the unconstrained fully humid state [31] . When constrained, the diameter of humid silk only reaches a typical value of (9.7 + 3.5) mm [31] . It has therefore been proposed that the water inside the disordered regions of the silk fibres is 'pushed out' under tensile load [32] . The mass density of spider silk has been reported as 1.3 g cm 23 [33] or 1.36 g cm 23 for major ampullate [34] . When fully hydrated, nearly two-thirds of the fibre mass is due to water uptake [6] , and the volume more than doubles [35] . The hydration water appears to break the hydrogen bonds in the amorphous phase through water bridges at low stress, resulting in a softening of the amorphous chains. Remarkably, it has been hypothesized that, when the stress exceeds a certain threshold assumed to be near 0.2 GPa, the water bridging effect is reversed and the amorphous polymer chains rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160506 become again stiffer [36] . Our own experimental observations from the in situ neutron diffraction pattern, reported in the following section, suggest that our sample took up an increasing amount of water with increasing stress (figure 2 and see also the electronic supplementary material).
In situ equatorial diffraction pattern
Within the limits of the large beam divergence on IN6, an approximate in-plane, i.e. equatorial diffraction pattern is obtained by integrating over all time-of-flight channels of the spectrometer IN6 (figure 2a). Because the scattering is predominantly incoherent and the silk polymer is predominantly amorphous, the diffraction peaks arising from the polyalanine crystallite structure are very weak, although the [110] and [020] peaks are clearly visible (figure 2) and can be tentatively modelled by Gaussian profiles (dashed lines in figure 2a) . For the fitting, we assumed an additional third, broader Gaussian (dotted line) as well as a constant background accounting for the prevailing incoherent scattering (horizontal dashed line in figure 2a ). The resulting widths s of the crystallite peaks appear to change very slightly with the externally applied tensile strain ( figure 3 ). The strain-dependence of the diffraction studied on IN6 can be compared with the pressure dependence as studied by X-rays [37] . This dependence generally agrees with the rearrangement of the crystallites within the fibres, consistent with an alignment along the fibre axis. The intensities in figure 2 have been normalized by the nominal 'geometrical' scattering volume that is calculated from the extraction of silk material from the neutron beam with the increasing tensile stress (see §3). Accordingly, the increasing intensities with increasing stress indicate an additional water uptake by the fibres with increasing stress, which counterbalances the forced hindrance of the supercontraction or hydrophobic collapse [22, 25, 26] . For the analysis of the quasi-elastic scattering ( §6), we divide the dynamic scattering function by the static structure factor to eliminate contributions from this coherent scattering (but in this case restricting the energy integration range, cf. §2, equation (2.1)). Figure 2b depicts difference patterns explained in the legend. The vanishing peak in the difference of stretched and unstretched humid silk suggests that stress has no significant influence on the peak intensity. The differences between humid and dry silk suggest that the peaks become sharper in the presence of water in the amorphous regions presumably owing to a better alignment in the humid silk associated with the better 'fluidity'.
Generalized frequency distribution
Before discussing the diffusive relaxations in the subsequent section, here we briefly address the inelastic scattering from our spider silk sample. These results help to compare spider silk with related other materials such as silkworm silk [7, 17] and elastin [27] . The time-of-flight spectra contain information on the lowenergy inelastic scattering up to on the order of 100 meV on the neutron energy gain side of the spectrum, providing access to atomic vibrations. In this region, the water translation and libration modes as well as some signals from the crystallites of the silk can be observed. For a quantitative analysis, we derive the Q-integrated generalized frequency distribution PðbÞ ¼ Ð a Pða,bÞ according to [38] Pða,bÞ ¼ 2b sinh
from the scattering functionS in the reduced coordinates
with the atom mass M. The generalized frequency distribution (figure 4) reveals the water libration peak maximum in humid spider silk near (266 + 0.01) meV, which is similar to the libration peak position found for humid silkworm silk [17] . The shift with strain of the librational peak for spider silk is not significant within the statistical errors. The librational peak intensity appears to change with stretching, but we note that the peak intensities may also be affected by a possibly underlying slow process of permanent binding of water associated with the supercontraction [23] .
The low-frequency water librations are sensitive to localized hydrogen bonding and steric restrictions [39] . The higher the position of the libration peak is in absolute energy values, the stronger the adsorbed water is geometrically confined [40] . Another peak can be observed near 230 meV. A similar peak found for silkworm silk at 228 meV has been tentatively assigned to a vibrational mode of the crystallites [7] . As for silkworm silk, this peak vanishes in the difference spectra humid-dry in agreement with the assumption that this peak arises from the crystallites which are not accessible to water [7] . Besides the crystalline peak, the region between -20 and -30 meV is dominated by hydrogen translations [39] .
Quasi-elastic neutron scattering
The essential information for this study is contained in the so-called QENS recorded on the neutron time-of-flight spectrometer, i.e. the apparent broadening of the instrumental resolution. This QENS signal carries the information from the picosecond diffusive or relaxation motions and in our study is subject to the modelling based on the fractional diffusion. Figure 5 depicts example spectra (symbols) at a fixed scattering vector Q for different values of the externally applied strain e. The plot first of all illustrates the modelfree observation of an increasing broadening of the spectra with increasing strain. This observation of a faster diffusive molecular mobility with increasing tensile strain is consistent with the hypothesis of strain-softening in partially glassy polymeric nanocomposite materials [41] , and the same trend has been found for humid silkworm silk [17] . The superimposed lines in figure 5 denote the fits with the model of fractional Brownian diffusion as will be explained along with the subsequent figure. 2) (lines) . The fractional model accurately describes the spectra in this simultaneous fit with global values for a and K a that apply for all recorded scattering vectors Q. This shows that the observed Q-dependent spectral linewidths
with a generalized Q-independent diffusion coefficient K a . Figure 7 summarizes the obtained fit parameters of equation (2.2), namely a and K a as well as the generalized relaxation time or reciprocal spectral linewidth t(Q) ¼ 1/ G(Q) as a function of the applied tensile strain. Within the experimental accuracy, we observe the trend of a monotonous dependence of all three parameters on the tensile strain. Both the memory parameter a as well as the diffusion coefficient K a increase with the applied stress. The increase of K a is consistent with the generally faster molecular mobility in the amorphous fraction of the spider silk that was also observed on a smaller dataset for silkworm silk [17, 18] . K a rises strongly with the first strain step, and the functional dependence K a (e) appears to follow an asymptotic behaviour. The strong increase of K a with the first strain step corresponds to the transition from the native (stable) to the pre-stretched (meta-stable) viscoelastic state of the fibre [8] . The increase of a is consistent with an increasing loss of memory or entropy with rising stress, in agreement with the picture of entropy elasticity [35] . (a ¼ 1 would correspond to simple Brownian diffusion.) Finally, the decrease of t (shown for one example Q-value in figure 7 ) illustrates the increase of the spectral linewidth with rising stress. The latter result is consistent with the aforementioned model-free observation of the increasing broadening of the spectral width G(Q) ¼ 1/t(Q) with rising stress that can be observed by just superimposing the spectra and not applying any fit (cf. figure 5) .
We tentatively associate the observed mobility with the water-accessible disordered regions [14] of the fibres, because results on the morphologically similar silkworm silk fibres suggest that the crystalline b-sheets do not contribute to the diffusive mobility on our observation scale [7] . Nevertheless, our model is independent from the state of the material and describes statistically correlated cooperative molecular dynamics independently from the location of the dynamics inside the material. A strong cooperation effect of molecules in the disordered amorphous matrix, water molecules, and perhaps b-sheet molecules may be at the origin of the fractionality of the observed dynamics.
Conclusion
Hydrated spider dragline silk fibres allow us to measure and model the ensemble-averaged self-diffusive mobility of the hydrogen atoms in the amorphous polymer fraction on picosecond time and nanometre length scales using incoherent neutron spectroscopy. This diffusion is associated with the mobility of both the absorbed water and the polymer chains themselves and can be consistently described by a generalized fractional diffusion coefficient K a which does not depend on the scattering vector Q, i.e. the reciprocal observation length scale, in the observed nanometre range. We find a monotonously increasing dependence of K a and a on the externally applied tensile strain. This observation is consistent with a faster diffusion (rising K a ) and increasing order and synonymously decrease of the entropy or memory within the initially rather randomly arranged polymers (rising a). The absolute values for a are smaller for spider silk than for silkworm silk, which is consistent with a higher degree of disorder in spider silk. The absolute values for K a are also smaller by this comparison in agreement with an overall slower diffusivity in spider silk compared with silkworm silk. Moreover, the fractional relaxation times in spider silk are significantly larger than those found for silkworm silk at similar strain. All of these differences between spider silk and silkworm silk corroborate the assumption that a higher degree of 'fractionality', i.e. stronger memory effects on the molecular level, enhances the macroscopic mechanical properties. Considering that spider silk is a highly complex material that undergoes substantial structural rearrangements upon mechanical load and uptake of water, it is remarkable that the molecular mobility can be fully described by a model that contains only very few parameters. Moreover, these resulting parameters display a simple asymptotic functional dependence on the tensile strain. Our results may contribute to establishing a link between the molecular mobility and macroscopic mechanical properties, and to a general understanding of polymer nanocomposite materials for instance in the context of models of strain softening.
Data accessibility. The neutron data are permanently curated by the ILL under the experiment no. 8-04-635 (cycle 114, run nos. 150907-151295) and freely accessible at http://barns.ill.eu.
